Foot-and-mouth disease virus (FMDV) is a member of the Picornaviridae family and the causative agent of an economically important disease of cattle and other cloven-hoofed animals (reviewed in Bachrach, 1968; Domingo et al., 1990) . A major difficulty in the control of the disease is the extreme antigenic diversity of FMDV that can be traced to variable regions of capsid protein VP1, and possibly also of VP2 and VP3 (Kitson et al., 1990; reviewed in Domingo et al., 1990) . A major antigenic site involved in neutralization of infectivity (termed site A, first defined by Strohmaier et al., 1982) is located around amino acids 140 to 160 of VP1. For viruses of serotype O1 this VP1 segment is an exposed, disordered loop on the virion surface (Acharya et al., 1989) . In FMDV of serotype C the equivalent residues 138 to 150 delineate a cluster of overlapping, continuous epitopes (Mateu et al., 1989 .
Maximum parsimony procedures have been applied to establish phylogenetic relationships among VP1 genes of type C viruses which have circulated in Europe and South America from 1926 until 1989 (Dopazo et al., 1988; Piccone et al., 1988; Martinez et al., 1991, and unpublished results) . These analyses have defined two major evolutionary sublines that correspond quite closely to two subtypes (termed C1 and C3) that had been established by serological criteria (Pereira, 1977) . Several neutralizing monoclonal antibodies (MAbs) raised against FMDV Ca or C3 differentiate between viruses of sublines C1 and C3 in that they bind most viruses of the homologous subtype, but do not recognize those of the heterologous subtype (Mateu et al., 1988; (Fig. 1) . Here we report that MAbs SD6 and 7AB5 recognize overlapping segments within antigenic site A and that the epitope defined by MAb 7AB5 can be functionally generated by a single amino acid replacement that caused the loss of the epitope defined by MAb SD6.
The epitope recognized by MAb SD6 involves at least the VP1 residues 138, 139 and 146 of FMDV C1, as evidenced by binding to overlapping synthetic peptides and by sequence analysis of MAb-resistant (MAR) mutants (Mateu et al., 1989) . FMDV C GC-Ger/26 is an early FMDV isolate that appears, both genetically and antigenically, to be intermediate between the representatives of lineages C1 and C3 (Martinez et al., 1991, and unpublished results) . It behaves like most C3 isolates in that it is neutralized by MAb 7AB5 but not by MAb SD6 and, accordingly, its VP1 reacts with MAb 7AB5 but not with SD6 (Fig. 1) . Four mutants of FMDV C GCGer/26, resistant to neutralization by MAb 7AB5, were isolated as described ) and the RNA segment encoding antigenic site A (nucleotides 376 to 462, corresponding to amino acids 126 to 154; numbering of residues and alignment of amino acid sequences according to Mateu et al., 1989 ; amino acids 133 to 154 are given in Fig. 1 ) was sequenced. Three mutants included a transversion G (419) ~ C that led to the amino acid replacement Arg (140a) ~ Pro. The entire VP1 gene of the fourth mutant was sequenced, and two mutations were found: U (96) ~ C (silent) and A (437) --, U, leading to replacement His (146) ~ Leu. This replacement resulted in loss not only of the epitope recognized by MAb 7AB5, but also of all other epitopes on site A 
Reactivity in immunoelectrotransfer blot assays of a MAb 7 A B 5 -r e s i s t a n t mutant of F M D V C G C -G e r / 2 6 [ m u t a n t M A R C G C 7 A B 5 -1 , with replacement His (146) --* Leu in VP1] with MAbs that recognize different epitopes within site A. The preparation of F M D V , electrophoresis of virion proteins, transfer to nitrocellulose sheets and the colorimetric visualization of MAbs bound to VP1 were as described previously (Mateu et al., 1988) . Strips of nitrocellulose with antigen from F M D V C G C -G e r / 2 6 (lanes 1) o r M A R m u t a n t C G C 7AB5-1 (lanes 2) were incubated with a 1 : 4 to 1 : 10 dilution of hybridoma culture supernatant producing the indicated MAb. the number of differences within site A r e l a t i v e to e a c h of the two quantifications defined in Mateu et al. (1988) and is depicted as (Fig. 3) . The results summarized in Table 1 (Mateu et al., 1989 . The amino acid substitutions present in each mutant are shown in Table 1 . F M D V C3 Indaial-Br/71 reacted with MAb 7AB5 to a similar extent as positive-reacting mutants of F M D V C1 Santa PauSp/70. Most mutants were also tested as whole virions in immunodot assays, and the results (not shown) were in agreement with those of the immunoelectrotransfer blot assays. Exceptions were mutants SD6-7 and SD6-8 that showed a slightly diminished reactivity in immunoelectrotransfer blots but not in immunodot assays. The reason for this difference was not investigated. from unreactive VP1 of the parental FMDV C~ Santa Pau-Sp/70 (Table 1) . We conclude that a single amino acid substitution in VP1 of FMDV of serotype C1 was sufficient to generate an epitope present in the early FMDV C GC-Ger/26 isolate as well as in isolates of the C3 subtype. The effect of Ser (139) --, lie is specific in that the replacement did not result in loss of most other epitopes present in C1 viruses, nor in the acquisition of additional epitopes of C3 viruses, as defined by our MAbs.
The evolution of antigenic properties of viruses during their propagation in the field or upon passage in cells or animals has often been documented by loss rather than by acquisition of epitopes representative of distinct isolates. Some notable exceptions include early experiments by Fagg & Hyslop (1966) that suggested a possible modification of serotype specificity of FMDV upon repeated passage through partially immune cattle. Also, the appearance of epitopes involved in neutralization of coxsackievirus B4 was detected upon serial propagation of plaque-purified virus in tissue culture (Prabhakar et al., 1985) . A detailed study involved T cell epitopes specific for two variants of human immunodeficiency virus (Takahashi et al., 1989) . The two epitopes were represented by peptides that differed in six out of 15 residues; a single amino acid exchange led to the reversal of the T cell epitope specificity. In our study, the generation in FMDV C1 of an epitope typical of FMDV C GC-Ger/26 and of C3 viruses was due to a single transversion [G (416) -~ U] that led to the replacement Ser (139) --, Ile. The latter is not represented in the corresponding VP 1 position of any natural type C isolate sequenced to date (Martinez et al., 1991) . It may be a matter of chance that this substitution was never fixed (at least among the sampled viruses) during several decades of FMDV type C evolution (Fig. 1) . The rate of fixation of mutations in the VP1 gene during the evolution of FMDV in the field is high on average, but discontinuous in that periods of rapid evolution alternate with others of relative genetic stability (Villaverde et al., 1991) . Even with the unlikely assumption that the maximum rate observed during a period of acute disease Plaque reduction assays were as described previously (Mateu et al., 1987) . The mutants are described in Table 1 , and their reactivities with MAb 7AB5 in immunoelectrotransfer blot assays are shown in Fig. 3 . Symbols: A, FMDV C GC-Ger/26;/k, FMDV C1 Santa Pau-Sp/70; Q, MAR mutant SD6-6; O, MAR mutant SD6-41. fashion during 6 decades of evolution, the maximum number of nucleotides expected to be replaced in the VP1 gene would be 225 out of 627 (gene length for Ca Santa Pau-Sp/70) per evolutionary line. Thus, even with multiple evolutionary lines, it is not surprising that a particular replacement, in this case Ser (139) ~ Ile, was not fixed, even over prolonged time periods. Alternatively, the replacement may cause some selective disadvantage relative to the viruses that retain the parental sequence. At present it is not possible to distinguish between these two possibilities. Owing to the absence of Ser (139) ~ Ile in nature, the epitopes recognized by MAbs SD6 and 7AB5 have remained specific for subtypes C1 and C3, respectively. The mutants with the replacement Ser (139)--, Ile in VP1 provide an example of a sequence that, in spite of being very divergent from that of C3 Indaial-Br/71 (see Fig. 1 ), nevertheless delineates a similar conformation regarding recognition by MAb 7AB5. A lack of correlation between genetic and antigenic distances becomes increasingly apparent as additional isolates and MAbs are used for molecular epidemiological studies of highly variable viruses.
In conclusion, we have reported the generation of a subtype-specific epitope of FMDV as a result of a single amino acid replacement in a virus of a different subtype.
